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Introduction {#sec001}
============

Exposure to stress causes multitude of neurochemical, neurotransmitter and hormonal alterations in brain to evoke appropriate responses suitable for adaptation. Studies on chronic physical, psychological or mixed stress model have been reported to invoke proinflammatory responses characterized by a complex release of several inflammatory mediators in the brain and other systems \[[@pone.0153371.ref001]\]. Under physiological conditions, these proinflammatory cytokines enhance neurogenesis. However, excessive or prolonged cytokine exposure may damage the brain by affecting the metabolism of neurotransmitter and neuropeptide, neuroendocrine and neural plasticity, decreasing neurogenesis, increasing glutamatergic activation, oxidative stress and induction of apoptosis \[[@pone.0153371.ref002],[@pone.0153371.ref003],[@pone.0153371.ref004]\]. Chronic stress mediated elevation in proinflammatory cytokines, oxidative and nitrosative stress markers in several brain regions have been designated as a major cause of neurodegeneration and consequent pathological manifestation of depressive disorder \[[@pone.0153371.ref005],[@pone.0153371.ref006],[@pone.0153371.ref007],[@pone.0153371.ref008],[@pone.0153371.ref009]\]. Further, several reports show a close association of enhanced neuroinflammation with many neurological diseases and disorders showing co-morbid depressive symptoms \[[@pone.0153371.ref010],[@pone.0153371.ref011],[@pone.0153371.ref012]\]. Drugs interfering with the detrimental consequences of stress on inflammatory pathways offer novel treatments for mood disorders and subsequent neurodegenerative pathologies. However, the mechanism underlying stress induced microglial activation and its relationship with the symptomatic manifestation of depressive illness is poorly investigated.

Nitric oxide (NO), a free gaseous signaling molecule and a retrograde neurotransmitter, is widely reported to be involved in the regulation of the nervous and immune system. Several studies suggest the involvement of neuronal nitric oxide producing enzymes nNOS in the pathophysiological mechanism of depression-like behaviour in rodents \[[@pone.0153371.ref013], [@pone.0153371.ref014]\]. NOS-positive neurons are located in the hippocampus, cerebral cortex and other encephalic regions \[[@pone.0153371.ref015]\]. Regulation of nitric oxide level in the brain using NOS inhibitors attenuates the depressive effect of chronic stress \[[@pone.0153371.ref016], [@pone.0153371.ref017], [@pone.0153371.ref018]\]. Peng et al. (2012) showed that stress-related depressive-like behaviour could be abrogated remarkably by pre-treating the mice with an iNOS inhibitor \[[@pone.0153371.ref019]\]. Though both elevated nitric oxide and neuroinflammation occur in various depressive disorders, there are very few studies demonstrating the association of nitric oxide with microglial activation in stress induced depression.

Microglia are the major glial component of the central nervous system (CNS) that mediate neuroinflammation through the release of pro-inflammatory cytokines and nitric oxide (NO). Microglia plays a critical role as resident immunocompetent and phagocytic cells in the CNS. Under physiological condition, microglia remains in resting stage with numerous branching in adult brain and continuously surveying its vicinity to phagocytose the harmful agents. They also play a very important role in shaping adult neurogenesis by apoptosis coupled phagocytosis of newly born neurons. But when they are challenged due to stress or inflammatory agent, they become motile and their morphology change and become active. Active microglia secrets proinflammatory cytokines and other reactive stress mediators like reactive nitric oxides. Active microglia are hypertrophic or ameboid-like which initiate an inflammatory response through the secretion of proinflammatory cytokines \[[@pone.0153371.ref020]\] and phagocytose dying cells \[[@pone.0153371.ref021]\]. However, the mechanism underlying the microglia activation in depression and its role in symptomatic manifestation of mood state disorder is poorly studied.

Previous reports from our laboratory have shown the occurrence of glutamate excitotoxicity \[[@pone.0153371.ref022]\], altered neurotransmitter metabolism \[[@pone.0153371.ref023]\], calcium mediated neuronal death \[[@pone.0153371.ref024]\] and elevated corticosterone mediated neurodegeneration \[[@pone.0153371.ref025], [@pone.0153371.ref026]\] following exposure to hypobaric hypoxia. Chronic hypobaric hypoxic exposure has also been reported to elevate the nitric oxide level and nNOS expression in several brain regions \[[@pone.0153371.ref027]\]. Induction of behavioural impairment along with structural as well as morphological alterations in various brain regions following exposure to chronic restraint/crowding stress is well documented. Though effect of hypobaric hypoxia on mood state alteration have been shown to be transient in nature \[[@pone.0153371.ref028]\], Combination of hypoxia and crowding stress could exert robust influence on mood state and precipitate anxiety and depression like behaviour following prolonged exposure. Keeping in mind the elevated nitric oxide level in the brain following hypoxic exposure, we attempted to explore the relationship between the nitric oxide and microglial activation following CHC stress exposure and further evaluated the therapeutic efficacy of L-NAME in ameliorating CHC induced depressive mood state.

Materials and Methods {#sec002}
=====================

Chemicals and reagents {#sec003}
----------------------

All the analytical reagents and chemicals used in this study were procured from Sigma Chemicals (Sigma Aldrich Chemicals, USA) unless otherwise mentioned. The ELISA kits for cytokines were purchased from BD Biosciences (BD Biosciences Laboratory Ltd., USA). Chemicals used for Western blot were obtained from Bio-Rad (Bio-Rad laboratories, USA). Both primary and secondary antibodies were procured from different providers (details in [Table 1](#pone.0153371.t001){ref-type="table"}). BioAssay System's QuantiChrom^TM^ Nitric Oxide Assay Kit was used to measure NO production using the improved Griess method.
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###### Details of antibodies used in the experiment.

![](pone.0153371.t001){#pone.0153371.t001g}

  Name of the antibody       Host   Provider     Cat.No.    Dilution   Incubation   StorageTemp.
  -------------------------- ------ ------------ ---------- ---------- ------------ --------------
  **Primary Antibody**                                                              
  **Iba-1**                  Gt     Abcam        ab107159   1:500      48h          4°C
  **Caspase-3**              Rb     Millipore    AB3623     1:5000     Over night   4°C
  **ED-1**                   Ms     Millipore    MAB1435    1:500      48h          4°C
  **Secondary Antibody**                                                            
  **Anti-Gt Bio**            Hs     Vector       BA-9500    1:2000     2h           RT
  **Dk-anti-Gt alexa 488**   Dk     Invitrogen   A11055     1:6000     2h           RT
  **Gt-anti-Rb alexa 633**   Rb     Invitrogen   A21070     1:6000     2h           RT

Gt, goat; Rb, rabbit; Ms, mouse; Hs, horse; Dk, donkey; Bio, biotinylated; RT, room temperature.

Animals and experimental design {#sec004}
-------------------------------

All experimental protocols followed in the study were approved by the ethical committee of the institute following the guidelines of "Committee for the Purpose of Control and Supervision of Experiments on Animals" (CPCSEA) (CPCSEA, Ref. No. IAEC5,D/DIPAS/2013), Govt. of India. Rats were housed five per cage and acclimatized to the experimental conditions for one week before the initiation of experimental procedures. Food pellets (Lipton Pvt Ltd, India) and water was given ad libitum. The animals were maintained in the animal house of our institute with 12 hours dark-light cycle. Temperature and humidity were maintained at 25° -- 28°C and 60--65%, respectively.

The study was conducted in two phases as detailed in [Fig 1](#pone.0153371.g001){ref-type="fig"}. In the phase I, the study was undertaken to evaluate the effect of chronic hypobaric hypoxia and crowding stress alone and in combination on the mood state of the rats. Initially, the rats were screened to ensure that none of the rats selected for the study were suffering from behavioural impairment. The three months old male Sprague-Dawley rats (n = 100) weighing approximately 220 g were randomly divided into four groups of which group I (n = 10) served as control while rest three groups were further subdivided into five subgroups (n = 6/group) and exposed to different durations of hypobaric hypoxia, crowding stress alone and combination of chronic hypobaric hypoxia with crowding stress.

![(i) Phase-1 experimental design with details of the schedule of exposure to hypobaric hypoxia, crowding stress alone and the combination of hypobaric hypoxia with crowding stress. (ii) Phase-II experimental design with details schedule of the drug administration during stress exposure.](pone.0153371.g001){#pone.0153371.g001}

After validation of depression like behaviours in combination stress exposed group compared to the positive control i.e repeated corticosterone administered group, phase II study was undertaken to unfold the role of nitric oxide in microglial activation and neuroinflammation. This study further evaluated the anti-depressant effect of a non-specific inhibitor of nitric oxide synthase (NOS) in reversing the CHC stress induced depressive disorder. The Sprague Dawley rats (n = 80) were randomly divided into four groups of equal size (20/group) such as Control+Veh, Control+L-NAME, CHC+Veh and CHC+L-NAME.

Chronic hypobaric hypoxia with crowding stress procedures {#sec005}
---------------------------------------------------------

Animals designated to be exposed to CHC were inducted to a simulated altitude of 7600 m (25,000 ft, 282 mm Hg) in a specially designed animal decompression chamber where altitude could be maintained by reducing the ambient barometric pressure. Fresh air was continuously flushed at a rate of 8 L/min to prevent accumulation of carbon dioxide within the chamber. The temperature and humidity in the chamber were maintained precisely at 28±2°C and 55±5% respectively. Small mice cages {28cm (L) x 21cm (W) x 14cm (H)} in place of rat cages {(45cm (L) x 30cm (W) x 20cm (H)} were used to induce crowding stress to rats inside the decompression chamber during hypoxic exposure. The rate of ascent and descent to hypobaric conditions was maintained at 300 m/min. The hypobaric hypoxic exposure was continuous for the stipulated period, except for a 10--15 min interval each day for replenishment of food and water, drug administration and changing the cages housing the animals.

Validation of CHC as a stress model of depression and schedule of drug administration {#sec006}
-------------------------------------------------------------------------------------

To validate our model, we used repeated administration of corticosterone as a drug induced depressive agent at a dose of (20 mg/kg body Wt.) which was dissolved in peanut oil and injected subcutaneously \[[@pone.0153371.ref029]\] in a volume of 1ml. Further we used a known antidepressant (Imipramine) for the predictive validity of CHC as a model of depression. Imipramine (10mg/kg body Wt.) was dissolved in physiological saline and administered intraperitoneally during exposure to CHC for 21 days. Imipramine was administered one hour before the test on the day of behavioural testing. L-Name (75mg/kg BW) dissolved in 0.9% physiological saline was administered to animals intraperitoneally. The drug administration was begun from 1^st^ day of CHC stress exposure and was continued till 21 days. The vehicle treated group of animals received only physiological saline without any drug.

Behaviour study {#sec007}
---------------

All behavioural tests in this experiment were performed during the light phase between 8.00AM -12AM in the morning to avoid time induced variation in mood behaviours in rats.

### Elevated plus maze {#sec008}

The elevated plus maze test setting was consisted of a plus-shaped apparatus with two open and two enclosed arms, each with an open roof, elevated 40cm from the floor. Rats were placed at the junction of the open and closed arms, facing the open arm opposite to the experimenter. The video-tracking system automatically recorded the number of entries and time spent by the rat in the open and closed arms using the ANY maze software (Stoelting Co., USA). At the end of 5-min test, the rat was removed from the plus maze and placed into a transport cage. Elevated plus maze was cleaned with alcohol and dried with paper towels before testing with other rats. Anxiety reduction in the plus-maze is indicated by a decrease in time spent and number of entries in the open arms of the maze.

### Open field test {#sec009}

The apparatus consisted of a rectangular area of 80--80 cm, surrounded by a 28 cm high wall. The area was divided into 16 squares of 20--20 cm by painted black lines. The field was lighted with a 40W bulb fixed 50 cm above the field. The light was focused on the center of the field with the periphery remaining dark. The rat was placed in one corner of the open field and its activity during the subsequent 5 min was assessed. Time spent in the central zone and number of entries in the central zone was considered for analysis of anxiety like behaviour.

### Forced swim test {#sec010}

The forced swim test (FST), a standardized test of depressive-like behaviour in which depression is inferred from increased duration of immobility, was conducted as described by O'Connor et.al. (2009) \[[@pone.0153371.ref030]\].The duration of immobility was determined during the test using the mobility function of ANY maze (Stoelting Co, USA). Briefly, rats were plunged individually into a vertical Plexiglas cylinder (40 cm high; 20 cm in diameter) filled with 30 cm-deep water (21--23°C). After the 5-min period of the test, they were removed and allowed to dry. Immobility (i.e. making only minimal movements to keep the head above water or floating) was measured for 5-min periods by an observer blind to the condition of the rats.

### Sucrose preference test {#sec011}

Rats were trained to take water /water containing sucrose from two bottles. The consumption of water was assessed for 2 days before the test. After a 12 h period (between 10 and 12 h of the light phase) of water deprivation, the sucrose preference test was performed following exposure to different duration of hypobaric hypoxia till 21 days, with a free choice between two droppers of 15 ml placed in each cage, one containing sucrose (2% in water) and the other containing water. To eliminate potential side preferences, the position of the droppers was switched after every 2 days. The consumption of water and sucrose solution was assessed daily. The preference for sucrose was calculated as the volume of sucrose solution consumed relative to the total volume of liquid consumed expressed in percentage change taking control value as 100%.

### Histology and immunohistochemistry {#sec012}

Following transcardial perfusion and fixation with 4% paraformaldehyde of rats, the brain was isolated and cryoprotected with a graded sucrose solution (10. 20 and 30%) prepared in 4% paraformaldehyde. Coronal sections (15μm for morphology and 30μm for immunohistochemistry) were prepared using a cryomicrotome (Leica Biosystems) and collected in PBS containing 0.02% sodium azide. These sections were washed in double distilled water thrice and processed for cresyl violet staining and immunohistochemistry respectively. Briefly sections were stained with cresyl violet and washed thrice in double distilled water. After washing sections were treated with graded alcohol solutions (50%, 70% and 100% alcohol) for dehydration and cleared with xylene followed by mounting in DPX mountant.

For immuno-histochemistry, each section containing septal hippocampus was washed in PBST (PBS containing 0.1% Tween-20) followed by heat induced antigen retrieval with sodium citrate buffer (pH 6.0). After three washes with PBST, sections were incubated with 10% normal horse serum or with normal goat serum according to the host specificity of primary antibodies and incubated with appropriate primary antibody for 48 h at 4°C. Sections were then treated with 0.3% hydrogen peroxide solution to inhibit endogenous peroxidase for 10 min. After washing, the sections were incubated with biotin conjugated secondary antibodies and signal enhancement was performed using amplification process in ABC reagent. The sections were then developed in 3, 3′-diaminobenzidine (DAB) substrate kit after washing with PBS (Impact DAB, Vector Lab).

For immuno-fluorescence, the sections were treated with 5% BSA in PBS containing 0.03% Triton X-100 for 2 hours and incubated with appropriate pool of primary antibodies in 5% BSA prepared in PBS for 48 h at 4°C. Simultaneously negative controls lacking primary antibody were processed. After washing with PBST, sections were incubated with secondary antibodies conjugated with alexa fluor (details in [Table 1](#pone.0153371.t001){ref-type="table"}). IFC sections were then mounted with antifade based mounting medium (*In Vitrogen*) and observed under fluorescence microscope.

### Neuronal degeneration by Fluoro Jade B staining {#sec013}

Neuronal degeneration was studied by Fluoro-Jade B staining in which the dead neurons take the stain and fluoresce in blue light. The sample was prepared and stained according to the manufacturer's instructions with minor alterations. The stained 6.04-mm sections of bregma were visualized in blue light using a fluorescent microscope with blue filters. The number of neuronal cells undergoing degeneration in the CA1 and CA3 region on exposure to hypobaric hypoxia, crowding stress and CHC stress was counted using Stereo investigator software, with the results expressed as percentages of degenerating neurons.

### Chromatin condensation by Hoechst staining {#sec014}

Chromatin condensation, which is an indicator of apoptosis, was studied by Hoechst 33342 staining. Hippocampal sections (15 μm thickness) were permeabilized in 0.1% triton and stained with Hoechst 33342 (10 mg/ml) for 30 min in the dark. The stained 6.04-mm sections of bregma were visualized using a blue filter in an Olympus BX-51 fluorescent microscope, and the brightly fluorescing cells were scored qualitatively.

### Imaging and analysis {#sec015}

Imaging of the cresyl violet and immunohistochemistry sections were done using light and fluorescence microscope (BX51TF, Olympus, Melville, NY). Number of pycknotic cell and tangled formations in cresyl violet stained slides were quantified using Image J software. Sections (10--15) per animal were taken and number of pycknotic cell in the whole series was quantified and the average value was considered after blind scoring. Two microglia phenotypes (resting and active) were quantified applying the cell counter probe. Immunofluorescent sections were analyzed by different filters under the microscope as per the conjugated secondary antibodies used. The average value of negative control group was subtracted from each group. The phagocytosis of apoptotic cell by microglia was evaluated by co-labelled expression analysis in Image J by applying merge channel probe along with cell counter. To remove background, fluorescence equal cut off thresholds were applied to all images.

Biochemical parameters {#sec016}
----------------------

### Estimation of corticosterone level in plasma by HPLC {#sec017}

Levels of corticosterone was estimated both in plasma using high performance liquid chromatography (Waters, Miliford, MS, USA). The extraction of corticosterone from plasma was done with methylene chloride \[[@pone.0153371.ref031]\]. The methylene chloride evaporated plasma samples were reconstituted with 250μl of methanol. 10μl of the reconstituted sample was injected with the help of an auto sampler (Waters) to the HPLC system and resolved using C~18~ RP column with acetonitrile: water: glacial acetic acid (35: 65:05 v/v) as solvent phase under isocratic condition. The flow rate of the mobile phase was maintained at 1ml/min and detection of corticosterone fraction was done at 254nm with a UV detector. The pressure in the column was maintained at 1800 psi and each sample was run for 30 mins. A standard plot was prepared using the endogenous steroid free plasma for plasma in the range of 10-1000ng/ml by serial dilution. The standards were tested individually at different concentrations to record detection limit, retention time and peak area. Concentrations of corticosterone in the plasma were calculated from a standard plot of peak area of corticosterone versus concentration of corticosterone.

### Nitric oxide estimation in hippocampus {#sec018}

NO level in the hippocampal tissue was estimated using Quanti-Chrom^TM^ Nitric Oxide Assay Kit as per the protocol supplied with the kit. Absorbance was taken at 540 nm using a microplate reader (Spectra Max MII, Molecular Devices, Germany). The amount of NO in the sample was quantified using a standard plot and expressed in mM/mg of protein.

### Pro-inflammatory cytokines level evaluation in hippocampus {#sec019}

Brain samples were assayed for IL-1β, IL-6, and IFN-ϒ level by using a commercial ELISA kits (BD pharmigen and R&D Systems). In brief, microwells were coated with 100 μl per well of Capture Antibody diluted in Coating Buffer. Standard and sample were prepared in assay diluents and 100 μl of each standard, sample, and control were pipetted into appropriate wells. Plate were incubated for 2 hours and 100 μl of diluted Detection Antibody was added to each well followed by addition of 100 μl of Enzyme Reagent (SAv-HRP) diluted in Assay Diluent. Substrate Solution (100 μl) was added and incubated for 30 minutes at room temperature in the dark. Absorbance was taken at 450 nm within 30 minutes of stopping reaction using stop solution.

Statistical Analysis {#sec020}
--------------------

The estimation of various parameters in control, stress exposed, vehicle and drug treated group during stress exposure were carried out. The mean and standard error mean of each set were calculated and expressed as mean ± SEM. Duration of immobility in the FST and sucrose intake in the SPT and body weight change data of phase-I were analyzed by one way ANOVA whereas the data of phase-II were analyzed by two way ANOVA and drug and stress were taken as the two factors. Statistical comparison of time spent and number entries to open arm of EPM and central zone of OFT, immobility time in FST and sucrose intake in SPT between control and all stress exposed groups was done by Newman--Keul's test in phase-I of our study and in the phase-II, two way ANOVA was performed followed by Bonferroni post test to compare all other variables. All statistical analyses were done in GraphPad Prism version 5.00 for Windows (GraphPad Software, San Diego, California, USA). The value of p ≤ 0.05 was considered statistically significant.

Results {#sec021}
=======

Behavioural assessment {#sec022}
----------------------

### Exposure to combination of chronic hypoxia and crowding (CHC) stress induces depression like behaviour in rats {#sec023}

We observed significant increase in time of immobility as measured by FST in the CHC exposed animals (F (4, 76) = 34.21, p≤0.05) compared to other two stress alone i.e. hypobaric hypoxia and crowding stress as shown in [Fig 2A and 2B](#pone.0153371.g002){ref-type="fig"}. Increase in immobility time in the crowding stress alone was also significant (F (4, 76) = 25.21, p≤0.05) compared to hypobaric hypoxia, but the change was not uniform in the group. Unlike crowding stress exposed group, CHC stress exposure showed a trend of increase in immobility time in FST more consistently. There was no significant difference in immobility time following exposure to CHC stress when compared to repeat corticosterone administered positive control group (14 days).

![Changes in the A) time immobility in FST B) sucrose intake C) body weight D) food intake following exposure to Hypobaric Hypoxia, Crowded housing stress and CHC. E) Time of immobility, F) sucrose intake in separate groups of rats exposed to CHC compared to positive control for depression (corticosterone treatment) and following treatment with known antidepressant (Imipramine). \*p \< 0.05, \*\*p \< 0.01 when compare to Control+Veh; values expressed mean percentage of Control ± SEM (n = 10 in each group).](pone.0153371.g002){#pone.0153371.g002}

Significant decrease in sucrose intake was observed in combination of crowding and hypoxic stress (CHC) exposed animals (F (4, 76) = 19.21, p≤0.05) compared to either stress alone. Body weight gain ([Fig 2C](#pone.0153371.g002){ref-type="fig"}) also showed significant (F (4, 76) = 29.21, p≤0.05) decrease following CHC stress exposure compared to the other two groups. Similar trend of decrease in sucrose intake was also observed in repeated corticosterone administered group as seen in CHC stress exposed group of animals.

### Validation of CHC stress as depression stress model {#sec024}

To validate CHC stress as a depression stress model, we used corticosterone as a depression inducing drugs and imipramine as antidepressant. Exposure to CHC significantly increased immobility time in forced swim test, decreased number of entries and time spent in open arm of the elevate plus maze, time spent in central zone of the open field similar to the repeated administration of corticosterone taken as positive control for depression. Administration of the Imipramine during CHC stress exposure significantly decreased immobility time in FST, significantly increased the number entries to open arm and time spent in the open arm of elevate plus maze and increased time spent in central zone of the open field test comparable to the repeated corticosterone administered depression stress model with treated with anti-depressant Imipramine (as shown in [Fig 3A, 3B, 3C, 3D and 3E](#pone.0153371.g003){ref-type="fig"}). CHC stress exposed animals showed similar pattern of depression like behaviour as seen in repeated corticosterone administered group and imipramine administration in both the corticosterone treated and CHC exposed animals showed improvement in mood state.

![Validation of CHC stress as a Depression stress model.\
Changes in A) immobility time in FST B) sucrose intake in SPT C) time spent in open arm D) number of entries in open arm in EPM and D) time spent in central zone of OFT.](pone.0153371.g003){#pone.0153371.g003}

### Prolonged exposure to CHC stress causes increased neurodegeneration in CA3 and CA1 region of the hippocampus {#sec025}

Prolonged exposure to CHC stress significantly increased the number of hoescht positive cells in the CA3 (F (3, 16) = 22.82, p≤0.05) and CA1 (F (3, 16) = 27.33, p≤0.05) region of hippocampus compared to control, crowding and hypobaric hypoxia stress alone as shown in ([Fig 4A, 4B and 4C](#pone.0153371.g004){ref-type="fig"}). Significant increase in the number of fluoro jade B positive cells in CA1 (F (3, 16) = 18.71, p≤0.05) and CA3 (F (3, 16) = 21.22, p≤0.05) region of hippocampus was observed when exposed to prolonged CHC stress compared to control, crowding and hypobaric hypoxia stress alone ([Fig 4D, 4E and 4F](#pone.0153371.g004){ref-type="fig"}).

![Neurodegeneration in hippocampal sub-regions CA1 and CA3 following exposure to hypobaric hypoxia, crowding stress alone and CHC.\
Slides showing A) hoechst positive cells in the CA1 region and B) CA3 region of hippocampus following crowding, hypobaric hypoxia alone and CHC. C) Quantitative data showing changes in the number of hoescht positive cells in CA1 and CA3 region of hippocampus following exposure to crowding, hypobaric hypoxia alone and CHC. Slides showing D) Fluoro Jade B positive cells in the CA1 region and E) CA3 region of hippocampus following crowding, hypobaric hypoxia alone and CHC. F) Quantitative data showing changes in the number of Fluoro Jade B positive cells in Ca and CA3 region of hippocampus following exposure to crowding, hypobaric hypoxia alone and CHC.](pone.0153371.g004){#pone.0153371.g004}

### Chronic exposure to CHC stress persistently elevated plasma corticosterone level {#sec026}

There was significant increase in plasma corticosterone level following prolonged exposure to CHC stress compared to control group. Prolonged exposure to crowding and hypobaric alone showed a decreasing trend following 7^th^ day of exposure while the corticosterone level remained persistently elevated till 21 day in case of CHC stress exposed group ([S1A and S1B Fig](#pone.0153371.s001){ref-type="supplementary-material"}).

### Inhibition of NO production by L-NAME administration reverses CHC induced depression like behaviour, decreased exploratory and anxiety like behaviour and anhedonia {#sec027}

There was significant (F (3, 76) = 20.21, p≤0.05) increase in depression like behaviour as assessed by FST following CHC stress exposure compared to the control group without stress. Administration of L-NAME to CHC stress exposed group significantly decreased the depression like behaviour in FST (F (3, 76) = 28.21, p≤0.001) compared to the CHC group treated with vehicle only ([Fig 5A](#pone.0153371.g005){ref-type="fig"}). There was significant decrease in time spent central zone, time spent in open arm in open field maze and number of entries to open arm in elevated plus maze following exposure to CHC stress compared to control and vehicle treated group. Administration of L-NAME significantly increased the time spent central zone in open field maze (F (3, 76) = 28.11, p≤0.05), time spent in open arm (F (3, 76) = 21.98, p≤0.05) and number of open arm entries (F (3, 76) = 26.31, p≤0.05) in elevated plus maze compared to CHC stress exposed group ([Fig 5B, 5C and 5D](#pone.0153371.g005){ref-type="fig"}). In sucrose preference test, exposure to CHC significantly decreased sucrose preference (F (3, 76) = 33.21, p≤0.05) in rats as reflected by decreased volume of sucrose solution intake compared to control rats. Administration of L-NAME during CHC stress exposure significantly reversed the combined stress induced decreased preference for sucrose solution intake (F (3, 76) = 18.21, p≤0.05) compared to vehicle treated combined stress exposed group as shown in [Fig 5F](#pone.0153371.g005){ref-type="fig"}.

![Effect of L-NAME administration on (A) Time of immobility in FST (B) Time spent in the central zone of OFT (C) Number of entries to open arm of EPM (D) Time spent in the open arm of EPM (E) Change in Body Weight and (F) Sucrose intake following exposure to CHC stress. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001 when compare to CHC+Veh; values expressed mean percentage of Control ± SEM (n = 20 in each group).](pone.0153371.g005){#pone.0153371.g005}

### L-NAME reverses CHC stress induced decrease in body weight {#sec028}

To assess the physiological change of animals in all groups, we observed the changes in their body weight and food intake. Higher rate of body weight gains was observed in both the Control groups (Control+Veh and Control+L-NAME treated) while exposure to CHC stress significantly reduced the rate of body weight gain (F (3, 76) = 13.35, p≤0.001) compared to control group. However, administration of L-NAME during exposure to CHC stress significantly improved the rate of body weight gain (F (3, 76) = 18.35, p≤0.001) compared to vehicle treated CHC stress exposed group ([Fig 5E](#pone.0153371.g005){ref-type="fig"}).

### L-NAME improves CHC stress induced altered neuronal morphology in hippocampal sub-regions {#sec029}

Exposure to CHC stress altered neuronal morphology in CA1 and CA3 region of the hippocampus. Quantification of pycknotic neurons, tangled neurons and vacuolation revealed a significant increase in the number of tangled and pycknotic neurons in hippocampus when compared with control groups. L-NAME administration in CHC stress exposed animals significantly reduced the tangled formation and pycknosis in CA1 (F (3, 16) = 19.57, p≤0.001) and CA3 (F (3, 16) = 9.63, p≤0.001) region of hippocampus compared to vehicle treated CHC stress exposed animals ([Fig 6A--6D](#pone.0153371.g006){ref-type="fig"}).

![Slides showing morphology of neurons in A) CA3 region and B) CA1 region of hippocampus following CHC exposure with vehicle treatment and L-NAME administration. Changes in the number of pycknotic cells in C) CA3 region and D) CA1 region of hippocampus following CHC stress exposure and L-NAME administration. Changes in level of E) Pro-inflammatory cytokines (IL-1β, IL-6 and IFNγ) and F) Nitric Oxide in hippocampal region following exposure to CHC stress and L-NAME administration. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001 when compare to CHC+Veh; values expressed mean percentage of Control ± SEM (n = 20 in each group).](pone.0153371.g006){#pone.0153371.g006}

### L-NAME decreases pro-inflammatory cytokines IL-1β, IFN-γ and IL-6 level in hippocampal region induced by CHC stress exposure {#sec030}

Exposure to CHC stress for 21 days significantly elevated the level of proinflammatory cytokines IL-1β, IFN-γ and IL-6 in hippocampal region compared to control and L-NAME treated control group of animals. Administration of L-NAME during exposure to CHC stress significantly decreased the IL-1β (F (3, 16) = 13.63, p≤0.001) IFN-γ (F (3, 16) = 29.44, p≤0.001)) and IL-6 (F (3, 16) = 19.32, p≤0.001) level in hippocampus compared to vehicle treated CHC stress exposed group as shown in [Fig 6E](#pone.0153371.g006){ref-type="fig"}.

### Prolonged CHC stress exposure induced elevation of NO level in hippocampal region of brain {#sec031}

There was a significant increase of nitric oxide level in the hippocampal region of rats exposed to prolonged CHC stress when compared to control groups (Control+Veh and Control+L-NAME groups). Significant decrease in hippocampal NO level (F (3, 16) = 17.66, p≤0.001) was observed following administration of L-NAME during exposure to CHC stress compared to vehicle treated CHC stress exposed animals ([Fig 6F](#pone.0153371.g006){ref-type="fig"}).

### CHC stress mediated modulation of number of immunological active and inactive ramified microglia in hippocampal regions is nitric oxide dependent {#sec032}

Significant increase in the number of active microglial phenotype with concomitantly decreased inactive ramified microglial phenotype was observed in CA1, CA3 and DG hippocampal sub-regions following exposure to CHC stress compared to control and L-NAME treated control group. Inhibition NO production through L-NAME administration during CHC stress exposure significantly increased inactive ramified microglial phenotype while the active microglial phenotype were significantly decreased in number in CA1 (F (3, 20) = 11.71, p≤0.001), CA3 (F (3, 20) = 6.83, p≤0.05) and DG (F (3, 20) = 31.91, p≤0.001) compared to vehicle treated prolonged CHC stress exposed animals as shown in [Fig 7A--7G](#pone.0153371.g007){ref-type="fig"}.

![Slides showing Microglial Phenotypes (Ramified and Active) in hippocampus during stress exposure and L-NAME administration.\
Representative slides showing Iba-1 expression in neurons of A) Entire hippocampus B) Dentate Gyrus C) CA1 and D) CA3 region of hippocampus. Changes in the number of Iba-1 positive cells in E) DG, F) CA1 and G) CA3 region of hippocampus. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001 when compare to CHC+Veh; values expressed mean percentage of Control ± SEM (n = 20 in each group).](pone.0153371.g007){#pone.0153371.g007}

Further we studied the ED-1 expression to explore microglia activation following CHC exposure. We found significant increase in the expression of ED-1 in CHC exposed animals compared to control groups. Administration of L-NAME during CHC stress exposure significantly lowered the expression of ED-1 in CA1 (F (3, 20) = 39.32, p≤0.001), CA3 (F (3, 20) = 17.65, p≤0.001) and DG (F (3, 20) = 8.43, p≤0.05) of the hippocampus compared to control animals as shown in [Fig 8A--8F](#pone.0153371.g008){ref-type="fig"}.

![Changes in number of active microglia.\
A) Representative slides of ED-1 stained hippocampus. Slides showing ED-1 expression in B) DG (C) CA1 and (D) CA3 region of hippocampus. E) ED-1 representative cells, F) Number of ED-1 positive cells in DG, CA1 and CA3 region of hippocampus. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001 when compare to CHC+Veh; values expressed mean percentage of Control ± SEM (n = 20 in each group).](pone.0153371.g008){#pone.0153371.g008}

### Nitric oxide modulates CHC stress induced neuronal apoptosis and debris clearance by microglial activation {#sec033}

Microglial activation marker Iba-1 protein was significantly increased in the hippocampal region of prolonged CHC stress exposed animals while there was no significant change in Control and L-NAME treated control groups.

Number of caspase-3 positive cells in CA1, CA3 and DG regions of hippocampus was significantly increased when exposed to prolonged CHC stress compared to control and L- NAME control group. Administration of L-NAME during CHC stress exposure significantly decreased the number of caspase-3 positive cells in CA1 (F (3, 20) = 18.29, p≤0.01), CA3 (F (3, 20) = 9.98, p≤0.01) and DG (F (3, 20) = 20.55, p≤0.001) hippocampus compared to vehicle treated CHC stress exposed animals. We evaluated the microglia mediated phagocytosis of apoptotic neurons by co-labelling caspase-3 and Iba-1 along with DAPI and found that there was significantly decreased co-expression of caspase-3 and Iba-1 in CA1, CA3 and DG of hippocampal in vehicle treated CHC stress exposed animals compared to control and L-NAME treated CHC stress exposed animals as shown in [Fig 9A--9D](#pone.0153371.g009){ref-type="fig"}.

![Evaluation of apoptosis and clearance of apoptotic neurons through apoptosis by microglia in DG, CA1 and CA3 region of hippocampus.\
(A) Representative images showing apoptosis and phagocytosis in DG, CA1 and CA3 region of hippocampus in lower magnification. (B) Representative images showing apoptosis and phagocytosis in DG, CA1 and CA3 region of hippocampus in higher magnification. (C) Change in Caspase-3 expression and (D) change in Caspase-3/Iba-1 co-expression in DG, CA1 and CA3 region of hippocampus. Blue fluorescence represents DAPI, Green fluorescence represents Iba-1 and red represents Caspase-3 positive cells. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001 when compare to CHC+Veh; values expressed mean percentage of Control ± SEM (n = 20 in each group).](pone.0153371.g009){#pone.0153371.g009}

### L-NAME attenuates NF-kB expression induced by CHC stress exposure in hippocampal region of brain {#sec034}

Significantly increased expression of NF-κB was observed in the CA1 and CA3 region of hippocampus in the CHC exposed rats compared to control groups. But in the DG region of hippocampus there was no significant change. L-NAME administration significantly decreased the expression of NF-κB in both CA1 (F (3, 20) = 26.55, p≤0.001) and CA3 (F (3, 20) = 22.55, p≤0.001) region of hippocampus, however there was no significant change in the DG region of hippocampus after the treatment as shown in the [Fig 10A--10F](#pone.0153371.g010){ref-type="fig"}.

![Changes in NF-κB expression.\
Representative pictures of NF-κB expression in A) CA3, B) CA1 and C) DG region of hippocampus. Quantitative data showing number of NF-κB positive cell in D) CA3, E) CA1 and F) DG region of hippocampus. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001 when compare to CHC+Veh; values expressed mean percentage of Control ± SEM (n = 20 in each group).](pone.0153371.g010){#pone.0153371.g010}

Discussion {#sec035}
==========

Prolonged exposure to hypobaric hypoxia is known to causes glutamate excitotoxicity, hippocampal neurodegeneration and cognitive dysfunction \[[@pone.0153371.ref022], [@pone.0153371.ref027]\]. Recent study by Baitharu et al. (2013) showed that hypobaric hypoxia induced alteration in mood state is transient in nature which get normalised with prolonged exposure \[[@pone.0153371.ref028], [@pone.0153371.ref032]\].Further, prolonged hypoxic exposure causes decrease in food and water intake and consequent loss of body weight \[[@pone.0153371.ref033], [@pone.0153371.ref034]\]. Exposure to restraint or immobilisation stress has been reported to induce psychosocial disorders in animal \[[@pone.0153371.ref035]\]. In the present study, we studied mood state alteration in rats when exposed to combination of hypoxia and crowding stress that invoked a rapid manifestation of depressive symptoms. The observed depression like behaviour induced following exposure to CHC stress could be the cumulative synergistic effect of crowding stress and hypobaric hypoxia. Similar combination stressors such as unpredictable chronic mild stress (UCMS) have been used as a stress induced depression model \[[@pone.0153371.ref036]\]. The present study showed that CHC stress exerts more rapid brain dysfunctions and induces depression like behaviours in rat compared to crowding and hypoxic stress alone. Alteration of microglial phenotypes following CHC stress exposure is mediated by elevated nitric oxide level leading to induction of neuroinflammation in hippocampus and other brain regions. Attenuation of NO generation in several brain regions through administration of non specific inhibitors of nitric oxide synthase (NOS) reverses CHC stress induced neuroinflammation and depression like behaviours in rat.

Nitric oxide triggers enhanced immune responses by modulating microglia activities under pathological and stressful condition. Nitric oxide being the retrograde neurotransmitter can exert multipronged effects on neuronal functioning through cGMP mediated pathway. Previous studies on prolonged hypobaric hypoxic exposure demonstrate elevated level of nitric oxide and upregulated nitric oxide synthase expression in hippocampus. Increased level of nitric oxide in hippocampus has been correlated with increased neurodegeneration and cognitive dysfunction in hypobaric hypoxia \[[@pone.0153371.ref027]\]. Present study demonstrates increased level of nitric oxide in hippocampal region of the brain following exposure to CHC stress. Similar increased level of nitric oxide in hippocampus and other important brain region have also been reported in patients with depression and anxiety disorders. Nitric oxide is known to modulate the activation of microglia \[[@pone.0153371.ref037]\]. Exposure to stress and pathological challenges like LPS administration increases active microglial markers Iba-1, OX-6 and OX-42 in several brain regions \[[@pone.0153371.ref038], [@pone.0153371.ref039]\]. Active microglia increases several soluble factors and inflammatory mediators like IL-1β, TNF-α, IL-6 and IFN-γ in the hippocampus. Chronic stress exposure induced increased soluble factors and inflammatory mediators trigger apoptosis and necrosis causing enhanced neuronal death in various brain regions.

Microglia phagocytoses dead neurons and helps in clearance of the affected areas of the brain \[[@pone.0153371.ref040]\]. Microglia modulate both the activation and down-regulation of the adaptive immune response in the central nervous system. The immunologically inactive resident microglia shows clear ramification with extensive arborised structures \[[@pone.0153371.ref021]\]. Under stressful physiological condition, microglia undergoes rapid structural modification with shrinked ramification and become hypertrophied. Persistent stress could further reduce microglial ramifications and convert them into swollen amoeboid shaped late hypertrophied immunologically active microglia \[[@pone.0153371.ref021]\]. Exposure to CHC stress in the present study alters balance between resting and active microglial phenotypes. The number of resting microglia increased while the number of active microglia subtype decreased following exposure to CHC stress exposure. This shift in the ratio of resting and active microglia following CHC stress exposure indicate the induction of altered neuroinflammatory responses in hippocampus and can be associated with severity of CHC stress paradigm. Interestingly, we observed a robust decline in the phagocytic activity of microglia in animals exposed to chronic CHC stress. Quantification of the apoptosis marker caspase-3 and Iba-1 co- labelled neuronal cells in hippocampus revealed decreased capability of the microglial cells in engulfing apoptotic neurons following CHC stress exposure leading to accumulation of dead apoptotic remnants. This finding was further supported by the observation of increased pycknotic and tangled neurons in the hippocampal region following exposure to CHC stress. Recent evidence suggests that this phagocytic clearance following stress or injury is more than simply tidying up, but instead plays a fundamental role in facilitating the reorganization of neuronal circuits and triggering repair \[[@pone.0153371.ref041]\]. Insufficient clearance by microglia, prevalent in several neurodegenerative diseases and ageing, is associated with an inadequate regenerative response \[[@pone.0153371.ref042], [@pone.0153371.ref043]\]. Accumulation of apoptotic cell debris due to dysregulated phagocytic activity of microglia could cause increased and rapid neuronal death and may lead to behavioural impairment. Increase in microglial phagocytic activity following administration of L-NAME during CHC stress exposure in the present study point towards the modulatory role of nitric oxide in microglial activation and microglia mediated clearance of apoptotic cell debris. Supporting our finding, Stefano et al. (2004) showed that elevated NO interfere the phagocytic activity of microglia by triggering secondary signalling cascades that alter the physiological response of microglia \[[@pone.0153371.ref037]\]. However, Stress induced elevation of NO level and its role in microglia activation is poorly investigated and further studies are required to explore the molecular mechanism therein.

Active microglia secretes many soluble factors such as proinflammatory cytokines in the CNS \[[@pone.0153371.ref021], [@pone.0153371.ref044]\]. Prolonged exposure to CHC elevated the level of pro-inflammatory cytokines like IL-1β, IFN-γ and IL-6 in hippocampal region in the present study indicating the activation of microglia following stress exposure. These pro-inflammatory cytokines play critical role in pathophysiology of depression by altering neurotransmitters and trophic factors and causing neurodegeneration by inducing apoptosis in important brain regions \[[@pone.0153371.ref008]\]. In the present study, L- Name administration during exposure to CHC decreased the level of stress induced elevated pro-inflammatory cytokines in hippocampus indicating the involvement of Nitric Oxide in the activation of microglial population and alteration in microglial phenotype during stress exposure. Similar studies in patients with mood disorders and depressive illness exhibit alteration in the brain cytokines level \[[@pone.0153371.ref045], [@pone.0153371.ref046], [@pone.0153371.ref047]. [@pone.0153371.ref048]\]. Antidepressants and mood stabilizing agents specifically alter IL-1β, IL-6 and IFN-γ implicated widely in depressive disorders \[[@pone.0153371.ref049], [@pone.0153371.ref050]. [@pone.0153371.ref051]\]. The elevation in proinflammatory cytokines in the brain is induced by various extracellular stimuli such as stress and may cause overload of reactive oxygen species and reactive nitrogen species, glutamate excitotoxicity and blood brain barrier disruption \[[@pone.0153371.ref008]\].

NF-κB, a downstream signalling molecule of inflammatory cytokines activate negative feedback loop and enhance neurodegenerative pathway by increasing secretion of inflammatory mediators. The involvement of NF-kB in neurodegeneration and depression has been well established \[[@pone.0153371.ref052]\]. In the line previous reports, exposure to CHC stress, in the present study, upregulated expression of NF-κB in hippocampus concomitant with the manifestation of the depressive symptoms. Similar increase in NF-κB was found in mice exposed to CMS (chronic mild stress) along with increase in IL-1β and TNF-α \[[@pone.0153371.ref053]\]. Kubera et al. (2010) showed that upregulation of NF-κB is one of the early events in stress inflammatory response which triggers iNOS and COX-2 and other genes encoding pro-inflammatory factors \[[@pone.0153371.ref009], [@pone.0153371.ref054]\]. Administration of L-NAME during exposure to CHC stress in the present study reversed the CHC stress induced upregulation of NF-kB in the hippocampal region of the brain which points toward the key role of nitric oxide in stress induced neuro-inflammation and modulation of NF-kB expression. Our finding was supported by the observed elevated level of nitric oxide in hippocampus as well as in plasma. The observed elevation of nitric oxide could be because of the enhanced expression of neuronal nitric oxide synthase and indcucible nitric oxide synthase in brain following exposure to CHC stress. Supporting our finding, increased expression of nNOS as well as the level of nitric oxide in hippocampus has been reported following exposure to hypobaric hypoxia alone \[[@pone.0153371.ref026], [@pone.0153371.ref027]\].

Nitric oxide is known to stimulate secretion of corticosterone through COX- prostaglandin pathway. Prolonged elevated corticosterone in brain during chronic hypoxic exposure causes increased hippocampal neurodegeneration \[[@pone.0153371.ref025]\]. In line with previous reports, our study showed increased expression of caspase-3 in hippocampal neuron following exposure to CHC stress. Downregulation of caspase-3 in hippocampal neurons following L -NAME administration points toward the pivotal regulatory role of nitric oxide in neuronal survivability and functioning by modulating caspase expression in the hippocampal neurons. Chronic stress induced apoptotic neurodegeneration results in degenerating cells which are cleared from affected part of brain by active microglia through the process of phagocytosis. When the clearance process gets impaired, the dead remnants of the degenerating neurons accumulate in the form of tangle and pycknotic remains. Prolonged CHC stress exposure in the present study increased the immunologically inactive fraction of microglia as assessed from the quantification of microglial cells with altered phenotype. This shift in microglial morphology compromised clearance of dead remnants of the apoptotic neurons in the hippocampal region of the brain causing increased neuronal death. Inhibition of NO production through administration of L-NAME during exposure to CHC stress exhibit improvement in neuronal morphology and decreased tangled neurons formation indicating the profound effect of nitric oxide in regulation of microglial activation during stress exposure. In addition, our study suggests that chronically increased secretion of stress mediators like NO and proinflammatory cytokines alters phagocytic activity of activated resident microglia. Though L-NAME mediated neuroprotection is widely reported under several stress condition \[[@pone.0153371.ref055],[@pone.0153371.ref056],[@pone.0153371.ref057],[@pone.0153371.ref018]\], the mechanism underlying the effect of nitric oxide in microglial phagocytic activity and its association with the enhanced clearance of the dead remnants of apoptotic neurons require further investigations.

Behavioural assessment following exposure to CHC stress in the present study showed increased immobility time in forced swim test, decrease in sucrose solution intake in SPT, decreased the time spent in central zone and number of central zone crossing in open field test, decreased time spent and number of entries to open arm of EPM indicating induced depressive mood state, anhedonia, impaired explorative behaviour and elevated anxiousness in rats. Several reports showed similar behavioural impairment following stress exposure in other stress models \[[@pone.0153371.ref030], [@pone.0153371.ref058]\]. L-NAME administration during exposure to CHC stress decreased immobility time in FST, increased sucrose solution intake and increased the time spent and number of entries to open arm of EPM. Antidepressant role of L-NAME have been demonstrated in rat and mouse model of depression \[[@pone.0153371.ref059], [@pone.0153371.ref018]\]. L-NAME reduces anxiety like behaviour in various stress exposed rats \[[@pone.0153371.ref060], [@pone.0153371.ref061], [@pone.0153371.ref062]\]. Behavioural improvement after L-NAME treatment in the present study suggest nitric oxide play a vital role in stress responses and modulation of the concentration of nitric oxide ratify stress adaptation. The observed behavioural changes mediated by L-NAME in open field as well as elevated plus maze could be because of the fact that L-NAME is a nonspecific NOS inhibitor and can block CHC stress induced activities of nNOS, eNOS and iNOS resulting in robust changes in the NO level in brain. However, molecular mechanism underlying L-NAME mediated modulation of behaviours to ameliorate of stress induced anxiety and depressive disorders have been poorly understood.

In conclusion, the present study showed that combination of hypoxia and crowding stress causes more severe behavioural impairment compared to either stress alone. Microglial activation during chronic exposure to CHC stress may plays pivotal role by exerting altered inflammatory response stress induced behavioural impairment. Elevated NO production following CHC stress exposure could be the mediator of increased neuroinflammation and consequent increase in neurodegeneration in hippocampus. Inhibition of NO production in hippzocampal region during CHC stress exposure by administration of a non specific nitric oxide synthase inhibitor L-NAME ameliorates NO mediated increased neuroinflammatory response and hippocampal neurodegeneration. L--NAME modulates behavioural response in CHC stress induced depression model and improved the mood state of rats and hence can be used as a promising therapeutics to ameliorate the CHC stress induced depressed mood state. However, further research need to be carried out to understand the complex mechanism of anti-depressant action of L-NAME and its effect on microglial activity in stress induced depression.

Supporting Information {#sec036}
======================

###### Changes in the plasma corticosterone level following exposure to hypobaric hypoxia, crowding stress alone and combination of both the stress for 21 days.

A\) Chromatograms showing peaks corticosterone following exposure to different duration of CHC stress. B) Quantitative data showing changes in corticosterone level in plasma following exposure to different duration of crowding stress, hypobaric hypoxia and CHC stress.

(TIF)

###### 

Click here for additional data file.
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